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Abstract 

We discuss a geometric approach to confining a Dirac neutral particle with a permanent magnetic dipole 
moment interacting with external fields to a hard-wall confining potential in the Minkowski spacetime 
through noninertial effects. We discuss the behaviour of external fields induced by noninertial effects, and 
a case where relativistic bound states can be achieved in analogous way to having a Dirac particle confined 
to a quantum dot. We show that this confinement of a Dirac neutral particle analogous to a quantum dot 
arises from noninertial effects that give rise to the geometry of the manifold playing the role of a hard-wall 
confining potential. We also discuss the possible use of this mathematical model in studies of noninertial 
effects on condensed matter systems described by the Dirac equation. 
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I. INTRODUCTION 



Bound states for Dirac particles have been attracted the focus of several works in recent years. 
For instance, condensed matter systems described by the Dirac equation such as eraphene hi, 

Q Q Tin 

topological insulators [4] and cold atoms [3] , have attracted a great deal of new studies [414101] . Dirac 
^articles have also been studied in "PT-symmetric potentials [11], confined to quantum potentials 



1,3'] based on the Aharonov-Casher setup 



15|, 



16 



by interacting 



1^. 



..t is worth 

nn 



I2I ]. and in the relativistic Landau quantization 

Dirac particles have also been studied in interferometry of dipole moments 
with the Dirac oscillator [17] and in the Aharonov-Bohm effect for bound states 
mentioning the generalization of the quantum Hall effect made with Dirac particles in 19|, |20| . 

In this work, we show that noninertial effects give rise to a hard-wall confining potential that 
allow us to discuss a geometric approach to confining a Dirac neutral particle with a permanent 
magnetic dipole moment interacting with external fields in analogous way to a quantum dot. We 
also show that the relativistic bound states solutions analogous to having a Dirac particle confined 
to a quantum dot can only be achieved depending on the behaviour of external fields induced by 
noninertial efi^ects. In recent years, noninertial effects have been discussed in quantum mechanics 
showing the appearance of phase shifts in the wave function of the quantum particle. The best 

211 ] and the Mashhoon effect 



famous effects are the Sagnac effect 



been widely discussed in recent decades 



0. 



These quantum effects have 



23h27I] . Another well-known noninertial effect in quantum 
mechanics arises from the coupling between the angular momentum and the angular velocity which 
is called the Page- Werner et al. coupling 



14| have been discussed in a rotating frame 



2911. Analogue effects of the Aharonov-Casher effect 
301 ] and in the Fermi- Walker reference frame [3 11 ]. 
In the context of bound states, the noninertial effects of the Fermi- Walker reference frame have 
been used to achieve the Landau quantization for a neutral particle 



Wilkens system 



33] based on the He-McKellar- 



33], and bound states for a neutral particle analogous to having a neutral particle 



subject to a parabolic quantum dot potential 



34l . I35I ]. The Landau quantization based on the 



Aharonov-Casher setup [IJ] has also been studied in rotating frames and in the presence of a 
topological defect [36(]. 

The structure of this papers is: in section II, we discuss the relativistic quantum dynamics of a 
neutral particle with a permanent magnetic dipole moment interacting with a field configuration 
induced by noninertial effects, and obtain bound states for a Dirac neutral particle subject to a 
hard-wall confining potential which arise from noninertial effects; in section III, we present our 
conclusions. 
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II. BOUND STATES FOR A DIRAC NEUTRAL PARTICLE 



In this work, we consider a neutral particle with a permanent magnetic dipole moment parallel 
to the z axis. The quantum dynamics of a neutral particle, with a permanent magnetic dipole 
moment interacting with external magnetic and electric fields, is described by introducing the 
following nonminimal coupling into the Dirac equation 



14 



16] 



(1) 



where [i is the permanent magnetic dipole moment of the neutral particle, F^^y (x) is the electro- 



magnetic field tensor, whose components are F( 



iO 



Ei and K 



eijkB'', and 



[7*^,7^]. Several studies of the quantum dynamics of a neutral particle based on the non- 



minimal coupling ([T]) have been made in recent years 



14 



161]. One of the most important studies 



of the quantum dynamics of a neutral particle with a permanent magnetic dipole moment is called 
the Aharonov-Casher effect [l^. ^ The Aharonov-Casher effect 
mutative quantum mechanics [37], in the presence of topological defects I30l .l3ll]. in supersymmetric 



141 ] has been studied in the noncom- 



quantum mechanics [38| and in the relativistic Landau quantization 
system 



nates 
41 



13 



13 



The Aharonov-Casher 



14]_presents the cylindrical symmetry, thus, it is convenient to work with curvilinear coordi- 
y using the mathematical formulation of the spinor theory in curved spacetime 



421 ]. In a curved spacetime background, spinors are defined locally in the reference frame 
of the observers {41! . 42]. We can build a local reference frame through a noncoordinate basis 
9°- = (x) dx^, where the components e""^ (x) satisfy the relation g^y (x) = e"^ (x) e^y (x) rjah 
[3)13]' with r]ab = diag( — h ++) being the Minkowski tensor. The indices {a,b,c = 0,1,2,3) 
indicate the local reference frame of the observers. The components of the noncoordinate basis 
e"^ (x) are called tetrads. The tetrads have an inverse defined as dx^ = e^a (x) 9"" which satisfy the 



condition: e"„ (x) 



(5"^ and e^a {x) e"'y (x) = 5^y. In this way, the matrices given in ([T]) 



correspond to that defined in curvilinear coordinates and are related to the 7" matrices (defined in 
the Minkowski spacetime) via 7^ — (^) 7*^ • The 7^^ matrices are defined in t he local reference 
frame and correspond to the Dirac matrices in the Minkowski spacetime 



42 



7 



/3 
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f aM 












I -a* y 






(2) 



with S being the spin vector. The matrices a* are the Pauli matrices and satisfy the relation 
((T* + (T^ a'^^ = 2 7]'^ . Now, the Dirac equation must be written by changing the partial derivative 
of the expression ([1]) to the covariant derivative of a spinor [40|, |43] given by = + T^ (x). 



with (x) = I uj^ab {x) being the spinorial connection [40|, |42|. |43|| . Hence, the Dirac equation 
(in curvihnear coordinates with the interaction of the permanent magnetic dipole moment of the 
neutral particle with external fields) is given by the following expression (with h = c = 1) 

i7''e^„(x) d^ip + i'y'' ef'^ix) {x) + fia ■ E ^ - fit ■ B il^ = mtp. (3) 

In an inertial frame, the line element of the Minkowski spacetime background can be written 
as ds'^ = —dT'^ + dlZ"^ + TZ^d^^ + dZ'^. In this inertial frame, we consider an electric charge 
density A concentrated on the z axis. This distribution of charges creates a radial electric field in 
the rest frame of the observers given by = E^ = Our interest in this work is to study 
the quantum dynamics of the neutral particle in a noninertial frame. Therefore, we make the 
coordinate transformation T = t; TZ = p; ^ = if + uj t; Z = z, where a; is the constant angular 
velocity of the rotating frame. With this transformation, the line element can be written as 

ds^ = - (1 - wV^) dt"^ + 2uip^dip dt + dp^ + p'^dip'^ + dz^. (4) 

Note tha t this line element is valid for values of the radial coordinate inside the range < 
p < 1/uj [45]. This means that, for all values of the radial coordinate p > l/w, the Dirac particle 
is placed outside of the light-cone because the velocity of the Dirac particle is greater than the 
velocity of the light 



45[. Hence, the line element (jH is not well-defined for p > l/u. The meaning 
of this restriction for the values of the radial coordinate is that the wave function of a Dirac neutral 
particle cannot be defined everywhere, but only inside the range < p < 1/uj. The interesting 
point of this restriction on the radial coordinate imposed by noninertial effects is that it gives 
rise to a hard-wall confining potential which imposes that the wave function ip (x) must vanish at 
p — )• 1/uj. We will see later that we can compare this confinement of a Dirac neutral particle with 



46| 



quantum dot models described by a hard-wall confining potential 

We intend to work on a well-known reference frame called the Fermi- Walker reference frame 
[4?! . The Fermi- Walker reference frame can be built through the local frame of the observers 
where the spatial components of the noncoordinate basis 9^, i = 1,2,3, do not rotate and the 
component 9^ forms a rest frame at each instant, that is, 9^ = e^i (x) dt. This frame allows us to 
observe noninertial effects due to the action of external forces without any effects due to arbitrary 



4 



rotations of the local spatial axes [47|]. In this way, we write the tetrads in the form: 

/iooo\ /lOOO^ 
10 . , 10 

ojp p 



\ 



1 



V 



-a; i 
1 



(5) 



After the choice of the local reference frame of the observers, we need to obtain the components of 
the spinorial connection (x). First, we can obtain the connection 1-form cj"^ = (x) dx^ via 
the Maurer-Cartan structure equations 43|]. In the absence of the torsion field, the Maurer-Cartan 



structure equations can be write as dO'^ +u}'^^f\r = 0, where the operator d is the exterior derivative 
and the symbol A means the wedge product. By solving the Maurer-Cartan structure equations, 
we have that the non-null components of the connection 1-form are oj^ \ {x) = —^t \ {x) = —uj 
and oj^2 {x) = —ijJ^Y (x) = — 1. Taking these expressions for the components of the connection 
1-form, we can calculate the spinorial connection (x) and obtain 7^ (x 
we consider Cartesian coordinates, the spinorial connection F^ (x) vanishes 

Our next step is to obtain the field configuration induced by the noninertial effects of the Fermi- 
Walker reference frame. As we have seen above, in an inertial frame, the electric field is given by 

= = In the Fermi- Walker reference frame ([5]), the fields are given by the relation 



^. Note that, if 



F^"^ (x) = e^a (x) e'^jj (x) F'^^ (x) 48-[50l]. Thus, by changing IZ ^ p, the non-null components of 
the electric and the magnetic fields when the local reference frames of the observers are Fermi- 



Walker transported are 



35| 



EP = ^- 
2 



B^ = ^p\ 



(6) 



Now, we are able to obtain the Dirac equation for a neutral particle with a permanent magnetic 
dipole moment in a noninertial reference frame. Taking into account the local reference frame of 
the observers ([5]) and the field configuration Q, the Dirac equation ([3|) becomes 



I—- = mpip + iLO—— 



dt 



dip 



d 



1 



dp 2p 



- — 1 ] V — i — -7: z — pp a ip 



P dip 



dz 



^P'^P^H- (7) 



Note that the Dirac Hamiltonian given in the right-hand-side of d?]) commutes with the operators 



J. 



'dip 



and pz 



. Thus, in order to solve the Dirac equation ([7|), we write the 



solution in the following form: tp = e~*^* e^^^'^a)'^ e*'^^ (0 (p) x {p))"^ ■, with / = 0, ±1, ±2, . . ., /c is a 
constant, (j) = (0+ (p-)'^ and x = (x+ X-)^ being two-component spinors, and where cr^(p+ = 
a'^cj)^ = — 0_ (the same for x±)- Substituting ^p into the Dirac equation d?]), we obtain two coupled 



5 



equations of (j) and x- The first coupled equation is 



8 — m + uj\l + 



1 



2) 2 

while the second coupled equation is 



^ a 



• /^-^ 1 , 
fj — z — pa + 

dp 2p 2 ^ 



2^ a2 + A;a3 



X, (8) 



X 



^1 



^ + «^/0(T^ + + ka'^ 

op 2p 2 p 



,1 9 



<P. (9) 



By eliminating x from the equation ([9]) and considering the magnetic dipole moment of the 
neutral particle parallel to the z axis, we can neglect the terms proportional to and uj'^p^ 
(here, we have assumed that the velocity of rotation is small when compared to the velocity of 
light), and obtain two non-coupled equations for 0+ and (/>_. In order to write these two non- 
coupled equations in a compact form, we label them as (ps, where s = ±1 and 0"^(/)s = ±0^ = scps- 
Since there is no torque on the dipole moment we can take k = {isl, and obtain the following 
radial equation: 



cf4>s _^ 1 dcps 
dp'^ p dp 



Is 



>2 + /3, 



p^ 4 

where we have defined the parameters in the radial equation (jlOp: 



0, 



(10) 



Cs 

(3s 



2 ^ 



1 ± 



Amw 
pX ' 



(11) 



£ + uj{l + 



m 



Let us make a change of variable given by ^ = p^ , and rewrite the radial equation (fTOl) in 
the form 

*2 



i<P's+(t>'s- -f? <Ps 



/3. 



4 + 2pX5s 



0. 



(12) 



In order to have the radial wave function being regular at the origin, we write the solution of 
equation (fT2]) in the form: (psiO — ^~ ^s {£,)■ Thus, substituting this solution into (fT2]) . we 
obtain a second order differential equation 



^Fi' + [\Cs\ + l-^]F',+ 



Ps \Cs\ 

2pX6s 2 



Fs = 0, 



(13) 



which is the Kummer equation or the confluent hypergeometric differential equation 



5l[ | . Since 



we wish the wave function regular at the origin, we consider only one of the solutions of 



the Kummer equation (fT3]) given by Fs {(,) = iFi 



2 2 



2lJ,\Sa 



iCsi + i,e 



which is called 



1 2 



M _L 1 

2 2 



the Kummer function of first kind SI]. Therefore, the radial eigenfunctions are 4>s (p) = 

2^X5~^ \ ~^ ^' P"^ • solving the coupled equations ([8]) 
and ([9]), we can obtain the solutions for the Dirac equation ([7|). Thus, substituting the solution 
(f) = (ps into Eq. ([9]), we obtain the solutions for the two-spinor x- Hence, the positive-energy 



solutions of the Dirac equation ^ corresponding to the parallel component of the Dirac spinor to 
the z axis are 



^-4 



f+F 



IC 



1 

2 ^2 



\l\ + 1, 





'Ks\ ,1 I3s ' 
2 2 2^iX5s 




"^ + m + a;(/ + i) -i^p2" 



F 



1 




if (l+^+)p-^+i 



J^ + ^ 1/1 + 2 /^«2' 



(14) 









while the antiparallel component of the Dirac spinor to the z axis are 

/ 



V'- 



f-F 



1 

+ 2 



2//A5, 





2 2 2^A(5s 


TP 


"Id 


/3. 






2 












(I'+ll+l) 





Note that we have defined the parameters f± = Ce e*v+2)'^ g*'^^ 



IJ.X5s \ 2 



plC±l [t^ 



equations (|14p and (jlSp . where C is a constant. The spinors ()14p and ()15p correspond to the 
positive-energy solutions of the Dirac equation d?]) . The negative solutions of the Dirac equation 
([7|) can be obtained by using the same procedure above [35|] . 



Recently 35| we have discussed, by imposing the condition where the confluent hypergeometric 
series becomes a polynomial of degree n and by assuming that /iX <^ uj, that we can consider 
the wave function of the Dirac neutral particle is normalized in the range < p < 1/uj because 
the amplitude of probability of finding the Dirac neutral particle in the region p > I/lo is quite 



small. From this assumption, we have obtained the energy levels corresponding to having a Dirac 
neutral particle confined to a parabolic potential. Moreover, by taking the nonrelativistic limit of 
the energy levels, we have shown that the dispersion of the subbands is non-parabolic in a similar 
way of the Tan-Inkson model for a quantum dot |5j]. 



In the present contribution, we do not assume the condition /xA <^ uj, thus, we cannot impose 
the condition where the confluent hyper geometric series becomes a polynomial because the wave 
function cannot be considered as being normalized inside the range < p < l/w defined by the line 
element In this way, in order to obtain a normalized wave function inside the physical region 
of the spacetime < p < ^, we first impose that the radial wave function vanishes at p — )• 1/oj. 
Note that this boundary condition arises from noninertial effects and corresponds to having the 
geometry of the manifold playing the role of a hard-wall confining potential. In this case, we have 
for a fixed radius po = l/w, that 

^o = ^pI)=0. (16) 



2 

Our next step is to assume that the intensity of the electric field is given in such a way that the 
parameter fj,X6s can be considered small. By assuming that fiX6s is quite small, and by taking a 
fixed value of the parameter 6 = + 1 of the Kummer function and fixed radius po = 1/uJ, then, 
we can consider the parameter a = + ^ ~ 2^X5' Kummer function being large, without 

loss of generality. From this assumption, we can write the Kummer function of first kind in the 



form 



5li: 



/ fiX6s 2\ ^ r(6) laACo ( AjTT bTT 7r\ 

iFi ( a, 6, ^0 = Po j ~ "7^^ cos 1^ V2&?o - 4aCo - Y + ^ j , (17) 



where F (6) is the gamma function. In this way, with f3s given in (jlip and by using 

_ ^ I Cs I 

to rewrite 4>s (0 = ^ ^ ^~ (0) then, the boundary condition (fT6l) yields (ps {(.o) 
cos [y/A(3s^o — \Cs\ f ~ f) =0- Thus, we obtain the following expression for the energy 
levels 



V Po 



ICsl 2 + Y 



n2 r ^ 

+ pX [sCs + 1] - w / + - 



(18) 



2 

We have that the expression (jlSp corresponds to the relativistic energy levels of a neutral 
particle with a permanent magnetic dipole moment interacting with a field configuration induced 
by the noninertial effects of the Fermi- Walker reference frame, when the Dirac neutral particle is 
subject to a hard-wall confining potential. We have seen that this hard-wall confining potential 
arises from noninertial effects, and it also corresponds to confining a Dirac neutral particle to a 



quantum dot [46]. We can see that the relativistic energy levels (jlSp differs from that obtained in 



35l | even the neutral particle is confined to moving in the range < p < l/uj. In [351 ] . we have 
considered the intensity of the electric field in such a way that /xA <C w, then, relativistic bound 
state solutions analogous to having the Dirac neutral particle confined to a potential V (p) = a p^ 
could be achieved. Here, we have imposed that the wave function vanishes at p — )• I/clj, and 
assumed that the intensity of the electric field is given in such a way that the parameter p\5s can 
be considered small. Hence, the relativistic energy levels (jlSp correspond to the spectrum of energy 



46l |. where the geometry 



analogous to having a Dirac neutral particle confined to a quantum dot 
of the manifold plays the role of a hard-wall confining potential. 

Finally, let us discuss the nonrelativistic limit of the energy levels (jlSp . The nonrelativistic limit 
of the energy levels is obtained by applying the Taylor expansion up to the first order term in the 
expression (jlSp . By doing this, the nonrelativistic energy levels become 

2 



1 



2m Pq 



2m 



1 + 



1 



(19) 



where m is the rest mass of the neutral particle, and the remaining terms of the expression (jl9p 
correspond to the nonrelativistic energy levels of a neutral particle with permanent magnetic dipole 
moment confined to a quantum dot. Note that, in this approach, the energy levels (|19p are 
proportional to (parabolic) which differ from the results obtained in Sj] whose dispersion 
relation is proportional to n (non-parabolic) in an analogous way to the Tan-Inkson model for a 
quantum dot The reason for this is because we have considered another behaviour of the 

induced fields, and changed the boundary conditions on the wave function. We can also note that 
this parabolic behaviour (proportional to n"^) of the nonrelativistic spectrum of energy (|19p agrees 



with the quantum dot models described by a hard- wall confining potential given in [4g] , where the 
geometry of the manifold plays the role of the hard-wall confining potential. Finally, we can see in 
the expression (fT9|) . the coupling between the quantum number I and the angular velocity uj arises 
from noninertial effects. This coupling is called in the nonrelativistic quantum mechanics as the 



Page- Werner et al. term 



28|, 



29| 



Two interesting topics of discussion should be the arising of persistent currents and the con- 
finement of Majorana fermions to a quantum dot in a noninertial frame. In recent decades, studies 
of persistent currents have been made in a quantum ring [53], two-dimensional quantum rings and 



quantum dots 



54l ] by showing the arising of persistent currents due to the dependence of the energy 



levels of bound states on geometric quantum phases 



been made based on the Berry phase 



53l |. Other studies of persistent currents have 



551 ] ■ the Aharonov-Anandan quantum phase [56i] and the 



Aharonov-Casher geometric phase 57|, |53]- Therefore, the quantum model discussed in this work 
can be interesting in new studies of persistent currents in Dirac-hke systems 1^ based on 



21 



, the Mashhoon effect 



3C|. 



geometric phases induced by noninertial effects such as the Sagnac effect 
22l | and the analogue of the Aharonov-Casher effect in noninertial frames 

The second possible topic of discussion is based on the difference between a Dirac particle and a 
Majorana particle. As an example, by considering a neutral particle, a Dirac neutral particle is not 
charge self-conjugated, that is, tpc 7^ ip, but a Majorana neutral fermion is charge self-conjugated, 

5S I has shown that the analogue effect of the Aharonov-Casher effect |l^ 



ipc = ip- A recent study 



for a Majorana neutral fermion cannot be obtained in a Lorentz symmetry violation background. 
From this difference between a Dirac neutral particle and a Majorana neutral particle, one should 
expect a different behaviour of a Majorana neutral particle in a noninertial system. Hence, studies 
of the behaviour of Majorana fermions in noninertial systems can be interesting in confinement to 



quantum dots 



Id, 



35 



46[, and the quantum Hall effect j6CH63l] . 



III. CONCLUSIONS 



In this work, we have shown that the presence of noninertial effects gives rise to a hard-wall 
confining potential that acts on a Dirac neutral particle with a permanent magnetic dipole moment 
by confining it in analogous way to a quantum dot [46^. However, we have seen that the relativistic 
bound states solutions of the Dirac equation can only be achieved depending on the behaviour 
of the external fields induced by the noninertial effects of the Fermi- Walker reference frame. In 
a previous work [35I, we have discussed a case whose intensity of the electric field satisfies the 
condition fiX ^ lo, then, relativistic bound state solutions analogous to having the Dirac neutral 
particle confined to a potential V (p) = a could be achieved. In this work, we have discussed a 
new case where the condition for the intensity of the electric field pX <^ oj is not satisfied. Here, we 
have shown that relativistic bound state solutions of the Dirac equation for a neutral particle with 
a permanent magnetic dipole moment interacting with external fields can be achieved by imposing 
two conditions: the first condition is that the radial wave function vanishes at p — )• l/w, while the 
second condition establishes that the intensity of the electric field must be given in such a way 
that the parameter pX5s can be considered small. Moreover, by comparing the nonrelativistic limit 
of the energy levels, we can see a parabolic behaviour (proportional to n^) of the nonrelativistic 



spectrum of energy (fT9]) w 
confining potential given in 



lich agrees with the quantum dot models described by a hard-wall 



46l ] , where the geometry of the manifold plays the role of the hard- wall 



10 



confining potential. 

We would like to thank CNPq (Conselho Nacional de Desenvolvimento Cientifico e Tecnologico 
- Brazil) for financial support. 



[1] P. E. Lammert and V. H. Crcspi, Phys. Rev. Lett. 85, 5190 (2000); P. E. Lammert and V. H. Crespi, 
Phys. Rev. B 69, 035406 (2004); J. Gonzales, F. Guinea, and M. A. H. Vozmediano, Phys. Rev. Lett. 
69, 172 (1992). C. Furtado et al, Phys. Lett. A 372, 5368 (2008). 

[2] M. A. Hasan and C. L. Kane. Rev. Mod. Phys. 82, 3045 (2010). 

[3] O. Boada, A. Ceh, J. 1. Latorre and M. Lewenstein, New J. Phys. 13, 035002 (2011). 

[4] F. de Juan, A. Cortijo and M. A. H. Vozmediano, Nucl. Phys. B 828, 625 (2010); M. A. H. Vozmediano, 
M. I. Katsnelson, F. Guinea, Phys. Rep. 496, 109 (2010). 

[5] A. Mesaros, D. Sadri and J. Zaanen, Phys. Rev. B 82, 073405 (2010). 

[6] J. W. Gonzalez, M. Pacheco, L. Rosales and P. A. Orellana, EPL 91, 66001 (2010). 

[7] J. Gonzalez and J. Herrero, Nucl. Phys. B 825, 426 (2010). 

[8] L. Fu, C. L. Kane and E. J. Mele, Phys. Rev. Lett. 98, 106803 (2007). 

[9] M. J. Bueno. C. Furtado and A. M. de M. Carvalho, Eur. Phys. J. B 85, 53 (2012). 
[10] K. Bakke and C. Furtado, Phys. Lett. A 376, 1269 (2012). 

[11] H. Egrifes and R. Sever, Phys. Lett. A 344, 117 (2005); V. G. C. S. dos Santos et al, Phys. Lett. A 
373, 3401 (2009). 

[12] S. Saritepe and N. V. V. J. Swamy, Phys. Lett. A 126, 28 (1987); A. S. de Castro, Ann. Phys. 311, 

170 (2004); Q. Wen-Chao, Chin. Phys. 13, 283 (2004). 
[13] K. Bakke and C. Furtado, Phys. Rev. A 80, 032106 (2009). 
[14] Y. Aharonov and A. Casher, Phys. Rev. Lett. 53, 319 (1984). 

[15] J. Anandan, Phys. Lett. A 138, 347 (1989); J. Anandan, Phys. Rev. Lett. 85, 1354 (2000). 
[16] A. Ya. Silenko, Russ. Phys. J. 48, 788 (2005). 

[17] M. Monhinsky and A. Szczepaniak, J. Phys. A: Math. Gen. 22, L817 (1989). 
[18] V. B. Bczcrra, J. Math. Phys. 38, 2553 (1997). 
[19] A. M. J. Schakel, Phys. Rev. D 43, 1428 (1991). 
[20] S.-. Zhang and J. Hu, Science 294, 823 (2001). 

[21] M. G. Sagnac, C. R. Acad. Sci. (Paris) 157, 708 (1913), C. R. Acad. Sci. (Paris) 157, 1410 (1913). 
[22] B. Mashhoon, Phys. Rev. Lett. 61, 2639 (1988). 

[23] E. J. Post, Rev. Mod. Phys. 39, 475 (1967); J. Anandan, Phys. Rev. D 15, 1448 (1977). 

[24] J. J. Sakurai, Phys. Rev. D 21, 2993 (1980); J. Anandan, Phys. Rev. D 24, 338 (1981); B. R. Iyer, 

Phys. Rev. D 26, 1900 (1982). 
[25] F. W. Hehl and W.-T. Ni, Phys. Rev. D 42, 2045 (1990). 



11 



[26] I. Damiao Scares and J. Tiomno, Phys. Rev. D 54, 2808 (1996). 

[27] J. Anandan and J. Suzuki, in Relativity in Rotating Frames, Relativistic Physics in Rotating Reference 
Frame, Edited by G. Rizzi and M. L. Ruggiero (Kluwer Academic Publishers, Dordrecht, 2004) p. 
361-369; |arXiv:quant-ph/0305081[ 

[28] L. A. Page, Phys. Rev. Lett. 35, 543 (1975). 

[29] S. A. Werner, J.-L. Staudenmann and R. Colella, Phys. Rev. Lett. 42, 1103 (1979). 
[30] K. Bakkc and C. Furtado, Phys. Rev. D 80, 024033 (2009). 
[31] K. Bakke and C. Furtado, Eur. Phys. J. C 69, 531 (2010). 

[32] K. Bakkc, Ann. Phys. (Berhn) 523, 762 (2011); K. Bakkc, Phys. Rev. A 81, 052117 (2010). 

[33] X.-G. He, B. H. J. McKellar, Phys. Rev. A 47, 3424 (1983); M. Wilkens, Phys. Rev. Lett. 72, 5 (1994). 

[34] K. Bakke, Phys. Lett. A 374, 3143 (2010); K. Bakke, Int. J. Theor. Phys. 51, 759 (2012). 

[35] K. Bakke, Phys. Lett. A 374, 4642 (2010). 

[36] K. Bakkc and C. Furtado, Phys. Rev. D 82, 084025 (2010). 

[37] E. Passos, L. R. Ribeiro, C. Furtado and J. R. Nascimento, Phys. Rev. A 76, 012113 (2007). 

[38] S. Bruce, L. Roa, C. Saavedra and A. B. Khmov, Phys. Rev. A 60, Rl (1999); S. Bruce, J. Phys. A: 

Math. Gen. 38, 6999 (2005); 
[39] K. Bakkc, H. Behch and E. O. Silva, J. Math. Phys. 52, 063505 (2011). 
[40] P. Schliiter, K.-H. Wietschorke and W. Greiner, J. Phys. A 16, 1999 (1983). 

[41] S. Weinberg, Gravitation and Cosmology: Principles and Aplications of the General Theory of Relativity 

(IE- Wiley, New York, 1972). 
[42] N. D. Birrell and P. C. W. Davies, Quantum Fields in Gurved Space (Cambridge University Press, 

Cambridge, UK, 1982). 

[43] M. Nakahara, Geometry, Topology and Physics, (Institute of Physics Publishing, Bristol, 1998). 

[44] W. Greiner, Relativistic Quantum Mechanics: Wave Equations, 3rd ed. (Springer, Berlin, 2000). 

[45] L. D. Landau and E. M. Lifshitz, The Classical Theory of Fields (Elsevier, Oxford, 1980). 

[46] E. Tsitsishvili, G. S. Lozano, and A. O. Gogolin, Phys. Rev. B 70, 115316 (2004); N. Aquino, E. 
Castano and E. Ley-Koo, Chinese J. Phys. 41, 276 (2003); L. Solimany and B. Kramer, Solid State 
Commun. 96, 471 (1995); R. Rosas, R. Riera and J. L. Marin, J. Phys.: Condens. Matter 12, 6851 
(2000); K. Bakke and C. Furtado, Mod. Phys. Lett. A 26, 1331 (2011); S. Azevcdo and F. Moraes, 
Phys. Lett. A 246, 374 (1998). 

[47] C. W. Misner, K. S. Thorne and J. A. Wheeler, Gravitation (W. H. Freeman, San Francisco, 1973). 

[48] T. C. Mo, J. Math. Phys. 11, 2589 (1969). 

[49] J. L. Anderson and J. W. Ryon, Phys, Rev. 181, 1765 (1969). 

[50] J. van Bladel, Proceedings of the IEEE 64, 301 (1976). 

[51] M. Abramowitz and I. A. Stegum, Handbook of mathematical functions (Dover Publications Inc., New 
York, 1965). 

[52] W.-C. Tan and J. C. Inkson, Semicond. Sci. Technol. 11, 1635 (1996). 



12 



[53] N. Byers and N. C. Yang, Phys. Rev. Lett. 7, 46 (1961). 
[54] W.-C. Tan and J. C. Inkson, Phys. Rev. B 60, 5626 (1999). 

[55] D. Loss, P. Goldbart and A. V. Balatsky, Phys. Rev. Lett. 65, 1655 (1990); D. Loss, P. M. Goldbart, 

Phys. Rev. B 45, 13544 (1992). 
[56] X.-C. Gao and T.-Z. Qian, Phys. Rev. B 47, 7128 (1993); T.-Z. Qian and Z.-B. Su, Phys. Rev. Lett. 

72, 2311 (1994). 

[57] A. V. Balatsky and B. L. Altshuler, Phys. Rev. Lett. 70, 1678 (1993); S. Oh and C.-M. Ryu, Phys. 
Rev. B 51, 13441 (1995). 

[58] H. Mathur and A. D. Stone, Phys. Rev. B 44, 10957 (1991); H. Mathur and A. D. Stone, Phys. Rev. 

Lett. 68, 2964 (1992); K. Bakke and C. Furtado, J. Math. Phys. 53, 023514 (2012). 
[59] H. BeUch, L. P. Collato, T. Costa-Soares, J. A. Helayel-Neto and M. T. D. Orlando, Eur. Phys. J. C 

62, 425 (2009). 

[60] U. R. Fischer and N. Schopohl, Eur. Phys. Lett. 54, 502 (2001). 

[61] B. J. Ahmedov and M. J. Ermamatov, Found. Phys. Lett. 15, 305 (2002). 

[62] M. Ericsson and E. Sjoqvist, Phys. Rev. A 65, 013607 (2001). 

[63] U. Sivan, Y. Imry and C. Hartzstein, Phys. Rev. B 39, 1242 (1989). 



13 



